Strawberry is a nutritious, but highly perishable fruit. Three polysaccharide-based edible coatings (alginate, chitosan, and pullulan) were applied to postharvest strawberry fruit during cold storage (4 ∘ C), and their effects on fruit quality and antioxidant enzyme system were investigated in the present study. The results showed that polysaccharide coatings showed a significant delay in fruit softening and rot and reduced changes in total soluble solid and titratable acidity content during 16 d storage. Polysaccharide coatings also maintained higher ascorbic acid and total phenolic contents than control from day 2 and significantly inhibited fruit decay and respiration after 12 d storage ( < 0.05). Polysaccharide treatments enhanced the activities of antioxidant enzymes (peroxidase, catalase, superoxide dismutase, and ascorbate peroxidase) so as to prevent lipid peroxidation and reduce membrane damage. Additionally, chitosan coating had the most positive effects on fruit quality amongst three polysaccharide-based edible coatings and presented the highest relative activities of antioxidant enzymes. These results indicated that polysaccharide-based edible coatings were helpful in postharvest quality maintenance of strawberry fruit.
Introduction
Strawberry (Fragaria × ananassa Duch.) is one of the most consumed nonclimacteric fruits due to its organoleptic and nutritional properties [1] . However, strawberry is extremely perishable with a short postharvest life, mainly because of high metabolism as well as susceptibility to mechanical damage and infection by phytopathogenic bacteria, fungi, and viruses [2] . Many preservation techniques such as refrigeration, heat treatment, and modified or controlled atmosphere have been applied to increase strawberry shelf life [3] . Most physical treatments have showed potential negative effects on nutritional and flavor components in this fruit [4] . Therefore, it is necessary to explore and utilize new techniques for maintaining postharvest strawberry fruit quality.
Active edible coating is a novel promising approach for extending shelf life of fruits and vegetables [5] . Edible coatings with semipermeable film can prolong postharvest fruit life through reducing moisture, respiration, gas exchange, and oxidative reaction rates [6] . The application of polysaccharide-based edible coatings enriched with antimicrobials or antioxidants has been proved to be efficacious in preserving fruit quality during storage [7, 8] . Alginate, chitosan, and pullulan are often used as polysaccharide-based edible coatings due to their capacity to form rigid and stable gels [9, 10] . Alginate, a polysaccharide derived from marine brown algae (Phaeophyceae) and gellan or secreted by bacterium Sphingomonas elodea, is employed in food industry as texturizing and gelling agent [11] . Chitosan, a highmolecular-weight polysaccharide obtained by deacetylation of chitin, is a byproduct of seafood industry. Chitosanbased coatings have been found to be an ideal preservative coating material for different types of fruits, with functional advantages such as storage period extension, respiration 2 International Journal of Polymer Science rate reduction, firmness retention, and microbial growth regulation [12] . Pullulan, produced by fungus Aureobasidium pullulans, is a water-soluble polysaccharide with excellent film-forming properties [13] . It can form edible films with antioxidant and antibacterial activities and without any taste or aroma.
Peroxidation activities are directly involved in natural and induced fruit senescence. Antioxidant enzymes are critical in inhibiting oxidative stress. When reactive oxygen species (ROS) increases, chain reactions start in which superoxide dismutase (SOD) catalyzes the dismutation of superoxide radical (O 2
•− ) to molecular oxygen (O 2 ) and hydrogen peroxide (H 2 O 2 ). H 2 O 2 is then detoxified by catalase (CAT), peroxidase (POD), and ascorbate peroxidase (APX) [14] . CAT reduces H 2 O 2 into water and O 2 , whereas POD decomposes H 2 O 2 by oxidation of cosubstrate such as phenolic compounds [15] . It is important to note that the effect of polysaccharide coatings (e.g., alginate, pullulan, and chitosan) on antioxidant enzyme system of strawberry has not been studied up to date. The objective of this study was thus to determine how polysaccharide-based edible coatings affected quality and antioxidant enzyme system of strawberry during cold storage. The molecular characterization of polysaccharide-based edible coatings in response to senescence was also analyzed. The study results were useful for maintaining postharvest quality and extending storage life of strawberry.
Materials and Methods

Plant Materials and Treatments.
Strawberries (Fragaria × ananassa Duch. cv. Sweet Charlie) were harvested at full maturity at an orchard in Nanning of Guangxi province during March 2017 and transported to Guangxi Key Laboratory of Fruits and Vegetables Storage-Processing Technology immediately. The fruits with physical damage or decay were discarded, and those fruits with uniform size and color were selected as materials. Subsequently, strawberry materials were randomly distributed into four groups prior to treatments. Three different polysaccharide-based coating-forming solutions (1% alginate, 6.5% pullulan, and 2% chitosan) were prepared by dissolving compounds in sterile distilled water under magnetic stirring. Strawberries were sanitized for 1 min with a 200 mg/kg chlorinated water solution, dipped in polysaccharide-based coating-forming solutions for 5 min, and then dried for 30 min at room temperature. Coated strawberries were packed in the polyethylene terephthalate clamshell containers with venting holes and stored for 16 d at 4 ∘ C. Uncoated strawberries were used as control at the same storage condition in all analyses. [17] , using a hand refractometer (Atago, Tokyo, Japan). Titratable acidity (TA) content was determined using an automatic titrator (Titroline Easy, Schott, Mainz, Germany) by titration of juice with 0.1 M NaOH to pH 8.2. Results were expressed as percentage of citric acid (grams of citric acid per 100 g fresh weight). Ascorbic acid (VC) content was determined by titrating 10 g of mixed pulp sample against the standard 2,6-dichlorophenol indophenol dye following procedure outlined in AOAC. Total phenolic content was determined by Folin-Ciocalteu method reaction using gallic acid as a standard with some modifications [18] . The samples were analyzed at 760 nm with a UV-160A spectrophotometer (Shimadzu, Kyoto, Japan), which were expressed as gallic acid equivalents in milligrams on FW basis.
Fruit Quality
Respiration Rate.
Respiration rate for strawberries, exposed to pure N 2 for 0 or 9 h and then stored at 20 ∘ C and 90% relative humidity, was determined after various storage days. Three fruits were sealed in a 4.2 L glass jar for 2 h at 25 ∘ C. One milliliter of headspace gas samples was withdrawn from the jar and injected into a GC-9A gas chromatograph (Shimadzu). Carbon dioxide concentration was determined using a thermal conductivity detector (TCD) with a Porapak N column (Shimadzu), while ethylene content was measured using a flame ionisation detector (FID) and an OV17 capillary column (Zhonghuida Co., Dalian, China).
Oxidative Stress Analysis
Malondialdehyde Content and Lipoxygenase Activity.
Malondialdehyde (MDA) content was measured according to the reported method of Sun et al. [14] with a slight modification. Strawberries (3 g) were homogenized with 15 mL of 10% trichloroacetic acid and centrifuged for 20 min at 15000 ×g. One milliliter of supernatant was mixed with 3 mL of 0.5% 2-thiobarbituric acid, heated for 20 min at 95 ∘ C, and then immediately cooled in an ice-water bath. The absorbance was spectrophotometrically measured at 532 nm (UV 1600 PC, Shimadzu) after centrifugation for 10 min at 3000 ×g, and the value for nonspecific absorbance at 600 nm was subtracted.
The frozen strawberries (5 g) were ground finely in liquid nitrogen and then homogenized in 15 mL of 50 mM phosphate buffer (pH 7). After centrifugation at 10000 ×g for 20 min at 4 ∘ C, supernatant was collected and used as crude enzyme extract. LOX activity was assayed by monitoring the formation of conjugated dienes from linoleic acid at 25 ∘ C and 234 nm [15] . Reaction mixture (3 mL) contained 50 mM sodium phosphate buffer (2.8 mL, pH 7), 10 mM sodium International Journal of Polymer Science linoleic acid solution (0.1 mL), and crude enzyme solution (0.1 mL).
Activities of Antioxidative
Enzymes. POD, CAT, and APX were extracted according to the modified methods of Nakano and Asada [19] . Strawberries (1 g) were extracted for 10 min at 4 ∘ C with 2.5 mL of 0.05 M sodium phosphate buffer (pH 7.8) containing 0.1% (w/v) polyvinyl pyrrolidone. The extract solution was centrifuged for 20 min at 12000 ×g. The supernatant was collected to determine activities of POD, CAT, and APX according to the methods of Song et al. [20] . SOD was extracted and assayed according to the modified method of Azarabadi et al. [21] . SOD activity was determined by measuring its ability to inhibit the photochemical reduction of nitro blue tetrazolium (NBT).
Statistical Analysis.
All experiments were performed in triplicate ( = 3) and were arranged in a completely randomized design. All statistical analyses were performed by variance (ANOVA) analysis using SPSS 13.0 statistical software (SPSS Inc., Chicago, USA). Significant differences between the means of parameters were determined by using Fisher's Least Significant Difference (LSD) test ( < 0.05).
Results
Effects of Polysaccharide-Based Edible Coatings on Firmness and Decay Rate of Strawberry.
Firmness is one of critical factors affecting strawberry storage quality. The effects of three polysaccharide-based edible coatings on firmness were shown in Figure 1(a) . The firmness values of coated fruits and control decreased with prolonged storage time due to cell wall degradation. Firmness loss in polysaccharide-coated fruit delayed significantly ( < 0.05) compared to control. It was observed that strawberries coated by chitosan were firmer than the other two treatments (alginate and pullulan). From Figure 1(b) , strawberries exhibited a sharp increase in decay rate during 16 d storage at 4 ∘ C. The decay rate of control remained significantly higher ( < 0.05) than that of polysaccharide-coated fruits after day 4. Meanwhile, the decay rate of chitosan-coated fruits was significantly lower ( < 0.05) than that of alginate-coated and pullulan-coated fruits. Figure 2 (a), TSS contents decreased during 16 d storage of all strawberries. On day 16, TSS values of three polysaccharide-coated fruits were in the order of chitosan > pullulan > alginate. From Figure 2(b) , TA contents in all fruits decreased with extended storage time. TA values in polysaccharide-coated fruits were significantly higher ( < 0.05) than those in control after day 6. Chitosan-coated fruits showed the highest TA content during storage. From Figure 2 (c), VC content decreased in all fruits during 16 d storage. Polysaccharide-coated fruits possessed relatively higher ( < 0.05) VC contents than control on days 8, 14, and 16. Chitosan-coated fruits showed the highest VC content amongst three polysaccharide treatments after day 12. The higher VC level in chitosan-coated fruit might reflect low oxygen permeability, which reduced the activities of enzymes involved in the oxidation of ascorbic acid. From Figure 2(d) , TP contents in all fruits decreased throughout storage time. TP values in polysaccharide-coated fruits were slightly higher than those in control. Chitosan-coated fruits showed the lowest decrease rate in TP content amongst three polysaccharide treatments after day 10. The above results indicated that polysaccharide-based edible coatings had positive effect on maintaining strawberry fruit quality when storing at low temperature.
Effects of Polysaccharide-Based Edible Coatings on Nutrient Components of Strawberry. From
Effect of Polysaccharide-Based Edible Coatings on Respiration Rate of Strawberry.
The increases of respiration rate could be related to fruit senescence and disease development during storage. Polysaccharide-coated fruits can generally delay ripening by modifying the levels of endogenous carbon dioxide, oxygen, and ethylene. From Figure 3 , respiration rate exhibited increasing trends during storage of all fruits. Respiration rates in polysaccharide-coated fruits were slightly higher than those in control after 12 d. In the case of control, respiration rate increased rapidly from an initial value of 3.8 mg/kg/h to a peak value of 58.71 mg/kg/h on day 16, whereas alginate-coated, chitosan-coated, and pullulancoated fruits showed 45.59, 38.03, and 50.00 mg/kg/h on day 16, respectively.
Malondialdehyde Content and Lipid Peroxidation Activity.
MDA content and LOX activity are used as measurements of membrane integrity loss in response to postharvest oxidative stress during storage [22] . The change of MDA level is considered to be a marker of membrane lipid peroxidation of fruits subjected to senescence or stress. From Figure 4 , MDA contents of control increased quickly during storage. Polysaccharide coatings inhibited an increase of MDA content. LOX activity increased during 6 d cold storage, suggesting that the dioxygenation of polyunsaturated fatty acids produced toxic hydroperoxy fatty acids and consequent membrane damage. LOX activity of control was higher than that of polysaccharide-coated fruits. Chitosancoated fruits showed the lowest LOX activity amongst three polysaccharide treatments on day 14. Chitosan coating also significantly delayed LOX activity peak compared to control.
Effect of Polysaccharide-Based Edible Coatings on Oxidative Stress.
The activities of antioxidative enzymes (POD, SOD, CAT, and APX) in polysaccharide-coated fruits were shown in Figure 5 . POD activity is involved in plant senescence and stress through membrane alteration and lipid degradation. From Figure 5 (a), POD activity in all fruits decreased during 16 d storage, and POD activity in polysaccharide-coated fruits showed higher level compared to control. Chitosan coating induced significantly higher ( < 0.05) POD activity after day 10 compared to alginate and pullulan coating. From Figure 5(b) , SOD activity in all fruits increased within the first two days and then decreased. Chitosan-coated fruits presented the highest SOD activity amongst three polysaccharide treatments after 6 d storage. From Figure 5 (c), CAT activity in all fruits decreased during refrigerated storage, but the activity in control decreased more rapidly than that in polysaccharide-coated fruits. Chitosan-coated fruits showed the highest CAT activity amongst three polysaccharide treatments. Similar to CAT activity, APX activity in all fruits decreased rapidly during storage, and chitosan coating significantly reduced ( < 0.05) the decrease in APX activity after 6 d storage ( Figure 5(d) ).
Discussion
Edible coatings are proposed as viable alternatives for the preservation of fresh food such as fruit, vegetable, fish, and meat due to their capabilities to prevent moisture loss, aromas loss, solute transport, water absorption in food matrix, or oxygen penetration [23] . Edible coatings from polysaccharides have been applied to extend shelf life and preserve quality of foods. Polysaccharides such as chitosan, alginate, pullulan, gellan, and starch have been reported as raw materials to prepare edible coatings, which can be used as packaging materials for food preservation [24] .
Recently, several polysaccharide-based edible coatings were successfully applied for preserving fruits such as orange, apple, mango, banana, papaya, citrus, and grapefruit [25] [26] [27] . The influence of polysaccharide-based edible coatings (chitosan, alginate, and pullulan) on quality and antioxidant enzyme system of strawberries was discussed in this study. Polysaccharide coatings showed a significant delay in strawberry softening and rot, which reduced TSS and TA content changes during 16 d storage at 4 ∘ C (Figures 2(a) and 2(b) ). Polysaccharide coatings also maintained higher VC and TP contents than control from day 2 and inhibited strawberry fruit respiration and membrane damage (Figures 2(c) and  2(d) ). Similar results were found in cherry tomatoes, apples, citrus fruits, and so on.
Antioxidant enzymes play a very important role in inhibiting oxidative stress. POD, CAT, SOD, and APX are important enzymes, protecting cells from oxidative damage by scavenging ROS [18] . ROS accumulation causes oxidative injury, accelerating senescence progression and various senescenceassociated disorders. In this study, polysaccharide-coated fruits maintained significantly higher POD, CAT, SOD, and APX activities compared to control when storing at low temperatures ( Figure 5 ). These antioxidative enzymes can scavenge overproduced ROS in fruit, retard peroxidation of membrane lipids, postpone loss of membrane function, alleviate oxidative stress of postharvest fruit, and therefore control strawberry senescence during storage to some extent. Consequently, polysaccharide-based edible coatings inhibited oxidative stress and ROS overproduction mainly by maintaining high activity of antioxidative enzymes in strawberry fruits. Chitosan-based coating was concerned in recent years owing to its nontoxic, biodegradable and biocompatible properties. Chitosan is obtained by alkaline N-deacetylation of chitin, with a linear polysaccharide consisting of (1,4)-linked 2-amino-deoxy--D-glucan. Chitosan has attracted attention as a potential food preservative due to its antimicrobial activity against a wide range of fungi, yeasts, and bacteria [28, 29] . In this study, chitosan had the most positive effects on strawberry fruit quality amongst three polysaccharides (Figures 1-3) . Unlike other polysaccharide coating materials, chitosan has ability to resist several fungi and induce defense enzymes such as chitinase and chitosanase, which are associated with induced systemic resistance of fruits [30] . Chitosancoated fruits maintained significantly high POD, CAT, SOD, and APX activities on the 16th day of storage at 4 ∘ C ( Figure 5 ). These antioxidative enzymes could scavenge overproduced ROS in strawberries, retard peroxidation of membrane lipids, postpone loss of membrane function, alleviate fruit oxidative stress, and therefore control senescence during storage of strawberries.
In summary, polysaccharide coatings application delayed softening and slowed senescence and decay of strawberries by protecting membrane structure from peroxidation. Polysaccharide coatings are helpful to extend shelf life and maintain appearance and nutritional values during storage of strawberries. Polysaccharide-coated fruits also showed differential activities of antioxidant enzymes during storage at low temperature, which warranted further investigations on its effects on gene expression related to these enzymes. Whether polysaccharides can regulate ripening and senescence related gene needs to be ascertained in future research.
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